NASA STI Program . . . in Profi le
Since its founding, NASA has been dedicated to the advancement of aeronautics and space science. The NASA Scientifi c and Technical Information (STI) program plays a key part in helping NASA maintain this important role.
The NASA STI Program operates under the auspices of the Agency Chief Information Offi cer. It collects, organizes, provides for archiving, and disseminates NASA's STI. The NASA STI program provides access to the NASA Aeronautics and Space Database and its public interface, the NASA Technical Reports Server, thus providing one of the largest collections of aeronautical and space science STI in the world. Results are published in both non-NASA channels and by NASA in the NASA STI Report Series, which includes the following report types:
• TECHNICAL PUBLICATION. Reports of completed research or a major signifi cant phase of research that present the results of NASA programs and include extensive data or theoretical analysis. Includes compilations of signifi cant scientifi c and technical data and information deemed to be of continuing reference value. NASA counterpart of peer-reviewed formal professional papers but has less stringent limitations on manuscript length and extent of graphic presentations.
• TECHNICAL MEMORANDUM. Scientifi c and technical fi ndings that are preliminary or of specialized interest, e.g., quick release reports, working papers, and bibliographies that contain minimal annotation. Does not contain extensive analysis.
• CONTRACTOR REPORT. Scientifi c and technical fi ndings by NASA-sponsored contractors and grantees.
• CONFERENCE PUBLICATION. Collected papers from scientifi c and technical conferences, symposia, seminars, or other meetings sponsored or cosponsored by NASA.
• SPECIAL PUBLICATION. Scientifi c, technical, or historical information from NASA programs, projects, and missions, often concerned with subjects having substantial public interest.
• TECHNICAL TRANSLATION. Englishlanguage translations of foreign scientifi c and technical material pertinent to NASA's mission.
Specialized services also include creating custom thesauri, building customized databases, organizing and publishing research results.
For more information about the NASA STI program, see the following:
• 
Introduction
As a result of space radiation, debris impacts, atomic oxygen interaction, and thermal cycling, the outer surfaces of space materials degrade when exposed to low Earth orbit (LEO) (Ref. 1). As ionizing radiation is known to embrittle polymers and has severely embrittled the Teflon fluorinated ethylene propylene (FEP) outer layer of the multilayer insulation covering the Hubble Space Telescope (Ref. 2). A study was conducted to measure the embrittlement of 37 thin film polymers after LEO space exposure. The polymers were flown aboard the International Space Station and exposed to the LEO space environment for 13 months as part of the Materials International Space Station Experiment 5 (MISSE 5).
MISSE is a series of spaceflight experiments designed to test the performance and durability of materials and devices exposed to the low Earth orbit (LEO) space environment. MISSE consists of 11 flight experiment trays (10 Passive Experiment Carriers (PECs) and one smaller tray being flown with MISSE 8) that are mounted to the exterior of the International Space Station (ISS). Each two-sided tray contains numerous individual flight experiments and are positioned in either a ram/wake orientation or a zenith/nadir orientation (Ref. 3) . The MISSE 5 polymer samples were from the Polymer Erosion and Contamination Experiment (PEACE) and were flown in a nadir-facing position for 13 months, which resulted in exposure to omni-directional charged particle radiation, thermal cycling, and low doses of atomic oxygen and direct solar radiation (Ref. 3) . The samples were analyzed for space-induced embrittlement using a bend-test procedure in which the strain necessary to induce surface cracking was determined. Details on the MISSE 5 experiment, polymer flight samples, test procedures, and bend-test results are provided. 
MISSE 5 Experiments and Exposure

MISSE 5 PEACE Polymers Experiment
The MISSE 5 PEACE Polymers experiment consisted of 49 to 0.5 in. (1.27 cm)  1.5 in. (3.81 cm) rectangular polymer material samples with 53 polymer materials. The majority of samples were thin film flexible polymers. A few rigid samples were also flown sandwiched between two pieces of either Kapton H or Kapton HN with Y966 acrylic adhesive. The primary experiment objective was to determine the atomic oxygen erosion yield (Ey, cm 3 /atom) of polymers after space exposure in a nadir orientation. As the Thermal Blanket Materials Experiment needed to be thin and flexible, samples were taped and then sewn onto a Kapton blanket substrate therefore making determination of the Ey based on mass loss impossible. Therefore, all samples were dusted with fine salt-spray particles to provide isolated locations of protection from atomic oxygen erosion so that recession depth measurements could be made post-flight for Ey determination (Ref. 3) . Figure 2 is a pre-flight photograph of the MISSE 5 Thermal Blanket Experiment with the PEACE Polymer experiment samples highlighted.
Thirty-seven of the 49 PEACE polymer samples were in a configuration that could be evaluated for surface embrittlement through bend-testing. The other 12 samples were not in thin film form and hence were not tested. A list of the flight samples that were tested along with the MISSE 5 flight sample number, the polymer name, the polymer abbreviation, trade names and the film thickness, are provided in Table 1 in the Results and Discussion section.
Experiment Procedures Sectioning Bend-Test Samples
Because the MISSE 5 PEACE polymers were multi-purpose samples, only a portion of each sample was bend-tested for strain-induced surface cracking. A piece measuring 0.5 in. (1.27 cm)  0.2 in. (0.508 cm) of each sample was sectioned for bend testing. The small salt particles were removed from the samples prior to bend-testing by carefully brushing off the dust with a small horse-hair water color brush. The salt was washed off a few samples (M-2, M-18, M-24, T-1, T-6) by rinsing with water and then gently drying the sample with pressurized nitrogen.
Bend-Test Procedures
The samples were analyzed for space-induced embrittlement using a bend-test procedure in which a surface strain was applied to the sample without adding overall tensile load. The strain necessary to induce surface cracking was determined by bending the samples over mandrels. Bend-testing was conducted using an apparatus with a semi-suspended pliable platform, and a set of mandrels varying in diameter. A total of 23 mandrels were used, ranging in diameter from 1.253 to 0.052 cm. The diameter of each mandrel was calculated by using the mean diameter obtained by averaging four measurements made using Fowler & NSK Max-Cal electronic digital calipers. Each sample was bend-tested using successively smaller mandrels, with the sample being inspected after being bent around each mandrel. This procedure was continued until cracks were visible or until the sample did not experience any cracking with the smallest mandrel, in which case the sample was recorded as having not cracked.
During bend-testing, the sample was placed with its space-exposed face down onto the semi-guided apparatus. The mandrel was pushed down onto the sample, forcing the material to bend against a pliable surface that spanned two supports on the apparatus. The sample was bent in a U-shape, where the spaceexposed surface was in tension and the backside surface was under compression. As the diameter of the mandrels decreased, the tension on the space-exposed surface of the sample increased because the sample was forced to bend more tightly around the mandrel.
Optical microscopy was used to document any surface features in the bend-test area prior to testing, and the same area was examined after bending around each mandrel to identify and document any induced surface cracks. The samples were examined at magnifications of approximately 10X to 13.8X with an Olympus SMZ stereo-zoom optical microscope outfitted with a Canon digital camera. An electronic coordinate system, the Boeckeler Microcode II Digital Readout, was used to find the same test location for microscopy examination before and after bend-testing at each mandrel, always centered at a dot that had been marked on the sample so that it would always be bent in the same location. Depending on the size of the sample, nine to fifteen optical microscopy pictures of each sample were taken before bending so that the entire bend-test sample was documented. When the sample was first observed to crack during the bend test process, the mandrel, and hence the strain, were recorded and the sample was not tested further. If no cracks could be detected under the optical microscope, the sample was bend-tested again with the next smaller mandrel, and the procedure was repeated. To verify the test results, several samples were bend-tested more than once.
Strain Calculations
Equation (1) allows the percent strain (E) to be calculated based on the thickness of the sample (t) and the diameter of the mandrel (d). This equation was derived from the bend-test configuration shown in Figure 3 .
The percent strain for each individual material, as stated before, was determined based on the mandrel at which it initially cracked and the thickness of the sample. 
Results and Discussion
Two of the PEACE Polymers samples were found to have cracked in half while on-orbit: Sample T-1 polymethyl methacrylate (PMMA, 50.8 µm thick) and Sample X-2 polymethylpentent (PMP, 50.8 m thick). Close-up post-flight photos of Samples T-1 and X-2 are shown in Figures 4(a) and (b) , respectively.
The set of photos in Figure 5 is an example of the microscope images obtained before and after bendtesting with each mandrel. The sample in Figure 5 is polyvinyl fluoride (PVF), also known as clear Tedlar (MISSE T-7). The box in each figure shows where cracks developed during bend-testing. This 25.4 m thick sample cracked under a surface strain of only 0.38 percent.
While the PVF polymer shown in Figure 5 is representative of typical MISSE 5 PEACE polymer behavior, with the formulation of very small but visible vertical cracks, Figure 6 shows Sample X-2 (PMP), which exhibited more extreme behavior. This is one of two samples that cracked on-orbit. It was found to be extremely embrittled and fractured into pieces during bend-testing. In Figure 6 similar features are circled to facilitate the comparison process. Space exposure embrittled this polymer to a degree where the sample fell apart upon bend-testing with the largest mandrel (1.25 cm dia.), which provided a surface strain of only 0.4 percent. Sample T-1, PMMA, also cracked with the largest mandrel and fractured into pieces. An example of a sample that did not crack during bend-testing, and hence remained ductile, is shown in Figure 7 . This is Polyurethane (PU), MISSE 5 sample T-5. In summary, 17 of the 37 flight samples experienced some degree of surface cracking during bend-testing, while none of the pristine samples experienced any degree of surface cracking.
A list of the tested MISSE 5 PEACE samples, and their bend-test results, are provided in Table 1 . In Table 1 , DNC means Did Not Crack. It should also be noted that bright white materials such as Sample V-2, expanded polytetrafluoroethylene (ePTFE), would be particularly hard to see very fine surface cracks. Also, sample M-11, fluorinated ethylene propylene, appeared to contain surface scratches or cracks prior to bend testing, which may have impacted the bend-test results. Because the bend-test procedure relies on optical microscopy for identification of very small surface cracks, it is desirable to verify these bend-test results by examining the bend-tested samples with scanning electron microscopy or another technique that can verify the development of surface cracks.
The fact that surface strain induced cracking occurred in FEP (M-11), Kapton E (U- 
Summary and Conclusions
A study was conducted to characterize the embrittlement of thin film polymers after exposure to the space environment. In these investigations a bend test procedure was used to characterize the embrittlement of 37 different polymers that were exposed to LEO aboard the ISS for 13 months in a nadir-facing orientation as part of the MISSE 5 PEACE polymers experiment. Using mandrels of different diameters combined with optical microscopy, the strain necessary to induce surface cracking was determined for flight samples and compared with that of pristine samples. While none of the pristine materials cracked at the highest strain available, 18 of the 37 flight samples (49 percent) experienced embrittlement, shown by surface-tensile-induced cracking, after just 13 months of exposure in LEO. Two of the polymers, PMMA and PMP, had cracked while on-orbit and were so brittle that they fractured when bend-tested with the largest mandrel. These results indicate that many thin film polymers are susceptible to embrittlement in the LEO space environment, even after low solar and particle radiation exposures. Therefore, even "minimal" amounts of radiation exposure must not be overlooked when designing spacecraft components based on expected mechanical properties.
